Journal of Neuro-Oncology (2006) 78: 145-151
DOI 10.1007/s11060-005-9069-x

© Springer 2006

Clinical-patient studies

PET Imaging of cerebral astrocytoma with '*N-ammonia

Zhang Xiangsong'? Liang Changhong®, Chen Weian' and Zhou Dong®*

" Department of Nuclear Medicine, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China;
2Department of Nuclear Medicine, Guangdong Provincial People’s Hospital, Guangzhou, China; > Department of
Radiology, Guangdong Provincial People’s Hospital, Guangzhou, China; 4Department of Neurosurgery, Guangdong
Provincial People’s Hospital, Guangzhou, China

Key words: astrocytoma, ammonia, nitrogen radioisotopes, PET
Summary

We performed this study in order to assess the clinical potential of '*N-ammonia PET in patients with cerebral
astrocytoma.

Methods: Dynamic '*N-ammonia PET was performed in 25 patients with suspected cerebral gliomas or recurrent
cerebral astrocytomas (19 male and 6 female patients; age range 18-64 years) detected by MRI. The histopatho-
logical diagnoses were made for all cases either by biopsy or craniotomy, except for one patient with brain infarction
and one patient with brain radiation necrosis confirmed by repeated MRI imaging. PET images were visually
inspected, and the tumor-to-white matter count (T/W) ratios and the perfusion index (PI) of the tumors were
determined.

Results: Six out of nine cases of low-grade gliomas were detected with '*N-ammonia PET, and three
non-astrocytoma low-grade gliomas were not detected with '*N-ammonia PET. All 11 high-grade astrocytomas
exhibited markedly increased uptake of '*N-ammonia. The five non-neoplastic lesions exhibited low uptake, low T/
W ratios and low PI. The significant differences were observed between high-grade and low-grade gliomas with
respect to both the T/W ratios and PI (T/W ratios: 5.92+2.27, n=11 vs. 1.66 £ 0.61, n=9, P<0.01; PI: 5.22+1.67,
n=11vs. 1.60£0.54, n=9, P<0.01). There were the significant differences between the T/W ratios and PI in low-
grade astrocytomas and that in non-neoplastic lesions (T/W ratios: 2.00+£0.42, n=6 vs. 0.97+0.11, n=5, P<0.01;
PI: 1.89+0.37, n=06 vs. 0.99+£0.03, =5, P<0.01).

Conclusions: There is a substantial uptake of '*’N-ammonia in cerebral astrocytomas. '*N-ammonia PET may
enable differentiation between low- and high-grade astrocytomas, and has the potential to enable differentiation

between low-grade astrocytomas and non-neoplastic lesions.

Introduction

Gliomas constitute approximately 45% of all brain
tumors, and low-grade gliomas constitute approxi-
mately 15% of all brain tumors. Gliomas are typically
subdivided in astrocytic tumors, oligodendroglial
tumors, ependymal tumors, and mixed gliomas. Astro-
cytic tumors are further graded into grade Ito grade IV
according to specific pathologic criteria that include
cellular atypia, mitotic activity, necrosis, endothelial
proliferation, etc.

CT and MRI with contrast are excellent tools for
tumor localization. These methods are however often
unable to characterize the underlying histopathology.
Particular areas of difficulty include defining tumor
extension and grade, as well as differentiating tumor
recurrence from necrosis or scar [1].

F.FDG is now widely used in PET scanning to
evaluate various tumors. '*F-FDG PET offer consider-
ably improved diagnosis of cerebral gliomas as com-
pared with conventional radiological methods, but the
fact that some low-grade gliomas show hypo- or

isometabolism compared with normal brain tissue on
FDG PET has caused problems in the detection of
primary or recurrent tumors and in the differentiation
from benign lesions. Amino-acid tracers, such as .
methyl-methionine (MET), perform better for this pur-
pose and thus play a complementary role to FDG [2].
These benefits are offset by a potentially lower specificity
of MET for tumor tissues. The uptake is partly related
to passive diffusion in tumors with significant break-
down of the blood-brain barrier (BBB) and this may
limit the specificity of MET in diagnosing recurrence in
areas of high contrast enhancement on CT or MRI [3].
Ogawa et al. studied 50 glioma patients with MET PET.
They observed MET uptake in only approximately 60%
of low-grade tumors [4]. ''C-chonine PET has the po-
tential to enable differentiation between low-grade and
high-grade gliomas, but not to differentiate low-grade
gliomas from non-neoplastic lesions [5].

In this study we investigated whether there was uptake
of *N-ammonia in cerebral astrocytomas, and prelimi-
narily assessed the clinical potential of '*N-ammonia
PET in patients with cerebral astrocytoma.
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Material and methods
Patients

Twenty-five patients with suspected cerebral gliomas
or recurrent cerebral astrocytomas (19 male and 6
female patients; age range 18—64 years) were selected.
T2-weighted and gadolinium-enhanced TI1-weighted
MR images were available for all patients. The exact
histopathological diagnoses were proven in all cases
either by biopsy or craniotomy performed within
1-2 weeks after PET scanning, based on the classifica-
tion of the World Health Organization (WHO) [6],
except for one patient with brain infarction and one
patient with brain radiation necrosis confirmed by
repeated MRI imaging.

The study was approved by the hospital ethics com-
mittee and each individual participating in the study
gave his or her informed consent.

PET and MR imaging

Dynamic PET was performed as a 3-dimensional
acquisition on an ECAT HR™" scanner (Siemens/CTI)
with a 5-min transmission scan. The trans-axial spatial
resolution was 4.2 mm full-width at half-maximum
(FWHM) at center of the field of view. The emission
protocol was a 19-min dynamic scan (10 sx12, 30 sx4,
and 900 sx1) triggered simultaneously with a bolus
injection of 444-592 MBq of '*N-ammonia.

Table 1. Patients’ characteristics

All MR imaging examinations were performed with
the clinical 1.5-T imaging units. Non-enhanced
axial Tl-weighted and T2-weighted images were per-
formed. T1-weighted gadiolinium-enhanced MR images
were obtained after administration of 0.1 mmol/kg
gadopentetate dimeglumine.

. 1 .
Preparation of 3 N-ammonia

>N was prepared by the '°O (p, «)"’N nuclear reaction
in a water target with the RDS-111 cyclotron (CTI). The
target water was added to a reaction vessel containing
Devarda’s alloy and NaOH pellets to reduce oxides of
>N to ammonia gas. The *N-ammonia was trapped in
physiological saline acidified by adding 0.1 N HCI. Prior
to delivery to the patient area, the solution was neu-
tralized with 0.1 N NaOH and passed through a Milli-
pore filter. The radiochemical purity of '*N-ammonia
was greater than 99%.

Data analysis

Attenuation-corrected images obtained with '*N-ammonia
were reconstructed using an ordered subset-expectation
maximization (OS-EM) algorithm with 128 x 128 matrix.
All PET images were interpreted by two experienced
nuclear physicians. Based on comparison with the sur-
rounding background radioactivity, lesion uptake was
classified into one of four categories: no uptake, faint
uptake, moderate uptake or intense uptake. Moderate

Case No. Age Sex Diagnosis Site of disease Visu. T/W PI
Low-grade gliomas
1 52 M Diffuse astrocytoma Rt. hippocampus + 2.76 2.56
2 46 F Diffuse astrocytoma Lt. hippocampus + 1.86 1.78
3 21 M Fibrillary astrocytoma Lt. temporal + 1.55 1.42
4 45 F Fibrillary astrocytoma Lt. temporal + 2.17 1.94
5 26 M Fibrillary astrocytoma Rt. temporal + 1.92 1.85
6 37 M Gemstocytic astrocytoma Lt. parietal & occipital + 1.75 1.82
7 55 M Oligodendroglioma Lt. temporal & occipital - 1.03 1.01
8 25 M Oligodendroglioma Rt. temporal - 0.93 1.02
9 18 F DNT Rt. parietal - 0.98 0.97
High-grade Gliomas
10 62 M Anaplastic astrocytoma Rt. occipital + 9.75 7.15
11 37 M Anaplastic astrocytoma Lt. Frontal + 4.28 4.45
12 36 M Anaplastic astrocytoma Rt. occipital + 3.36 3.02
13 38 M Anaplastic astrocytoma Lt. temporal + 6.48 5.92
14 20 M Anaplastic astrocytoma Rt. frontal + 6.30 6.31
15 45 M Glioblastoma Rt. frontal + 3.26 3.15
16 27 M Glioblastoma Lt. & Rt. frontal + 4.14 3.91
17 50 M Glioblastoma Rt. temporal + 8.60 6.53
18 53 M Glioblastoma Lt. parietal + 7.21 6.80
19 54 F Glioblastoma Lt. temporal + 3.89 3.26
20 32 F Glioblastoma Rt. occipital + 7.85 6.97
Non-neoplastic lesions
21 38 M Radiation necrosis Rt. temporal - 0.85 0.94
22 22 F Radiation necrosis Rt. Occipital - 0.90 0.98
23 64 M Brain infarction Lt. frontal - 0.93 1.01
24 28 M Encephalitis Rt. Occipital - 1.12 1.03
25 46 M Encephalitis Lt. frontal - 1.03 0.99

DNT - Dysembryoplastic neuroepithelial tumor, Lt. — left, Rt. — right, Visu. — visual result.
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Figure 1. (a, b) A 52-year-old male with diffuse astrocytoma. (a) Fluid-attenuated inversion-recovery (FLAIR) MR imaging shows a high
signal area in the right hippocampus. (b) A '*N-ammonia PET image obtained at 4 min after injection demonstrates increased tumor uptake of
N-ammonia. (c, d) A 37-year-old male with gemstocytic astrocytoma. (c) T1-weighted gadiolinium-enhanced MR imaging shows an enhanced
lesion with surrouding edema in the left parietal and occipital lobe. (d) A '*N-ammonia PET image obtained at 4 min after injection

demonstrates increased tumor uptake of '*N-ammonia.

and intense uptake was defined as positive results of
visual interpretation (+), and faint and no uptake was
defined as negative results (—).

Regions of interest (ROIs) 10 mm in diameter were
outlined on the site of maximum '*N-ammonia tumor
uptake and the contralateral white matter in the trans-axial
planes across the dynamic PET frames. Counts per pixel in
the tumors and white matters were calculated from the
ROIs. The tumor-to-white matter (T/W) count ratios were
determined on the last PET frame, and the average count
ratios of tumor-to-white matter on the first 12 PET frames
were calculated as the perfusion index (PI) of the tumors.

Statistic analysis

Differences in the T/W and PI were examined among
tumors of different histological grade and non-neoplas-
tic lesions. Statistic significance was determined using
the Mann—Whitney test. A probability of <0.01 was
considered significant.

Results

Patients’ characteristics, including age, gender, histo-
pathological features, tumor localization, '*N-ammonia

PET visual results, PI and T/W ratios are presented in
Table 1.

Six out of nine cases of low-grade gliomas (WHO
grade 1 or II) were detected with '*N-ammonia PET
(Figure 1), and three non-astrocytoma low-grade
gliomas were not detected with '*N-ammonia PET
(Figure 2). The T/W ratios in low-grade gliomas ranged
from 0.93 to 2.76, with a mean of 1.66+0.61 (n=9), PI
ranged from 0.97 to 2.56, with a mean of 1.60+0.54
(n=9). All 11 high-grade astrocytomas (WHO grade I
or II) exhibited markedly increased uptake of '*N-
ammonia (Figure 3), and the T/W ratios in high-grade
astrocytomas ranged from 3.26 to 9.75, with a mean of
5.92+2.27 (n=11), PI ranged from 3.02 to 7.15, with a
mean of 5.22+1.67 (n=11).

The five non-neoplastic lesions, two encephalitis, two
radiation necrosis and one brain infarction, exhibited
low uptake, low T/W ratios and low PI (Figure 4), and
the T/W ratios in non-neoplastic lesions ranged from
0.85 to 1.12, with a mean of 0.97+0.11 (n=5), PI ran-
ged from 0.94 to 1.03, with a mean of 0.99£0.03 (n=15).

The typical dynamic '*N-ammonia PET images of low-
grade astrocytoma, high-grade astrocytoma and non-
neoplastic lesion are demonstrated in Figure 5, showing
that the radioactivity in the high-grade astrocytomas
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Figure 2. (a, b) An 18-year-old female with DNT. (b) T1-weighted MR imaging shows a low signal area in the right parietal lobe. (b) A
13 N-ammonia PET image obtained at 4 min after injection demonstrates decreased tumor uptake of '*N-ammonia. (c, d) A 25-year-old male
with oligodendroglioma. (c) T1-weighted gadiolinium-enhanced MR imaging shows a non-enhanced lesion in the right temporal lobe. (d) A
3N-ammonia PET image obtained at 4 min after injection demonstrates decreased tumor uptake of '*N-ammonia.

Figure 3. (a, b) A 62-year-old male with anaplastic astrocytoma. (a) T1-weighted gadiolinium-enhanced MR imaging shows a ring-like enhanced
lesion in the right occipital lobe. (b) A '*N-ammonia PET image obtained at 4 min after injection demonstrates increased uptake of '*’N-ammonia
in the tumor margin and decreased uptake of '>’N-ammonia in the tumor center. (¢, d) A 45-year-old male with glioblastoma. (c) T1-weighted
gadiolinium-enhanced MR imaging shows a ring-like enhanced lesion in the right frontal lobe. (d) A '*N-ammonia PET image obtained at 4 min
after injection demonstrates increased uptake of *N-ammonia in the tumor margin and decreased uptake of '*’N-ammonia in the tumor center.
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Figure 4. (a, b) A 28-year-old male with chronic encephalitis. (a) T1-weighted gadiolinium-enhanced MR imaging shows an enhanced lesion in
the right occipital lobe. (b) A "*N-ammonia PET image obtained at 4 min after injection demonstrates decreased lesion uptake of '*’N-ammonia.
(c, d) A 22-year-old female with radiation necrosis two years after surgery and radiotherapy for glioblastoma. (c) T1-weighted gadiolinium-
enhanced MR imaging shows a ring-like enhanced lesion in the right occipital lobe. (d) A '*N-ammonia PET image obtained at 4 min after

injection demonstrates decreased lesion uptake of '*N-ammonia.

begin to markedly exceed surrounding brain radioactivity
immediately after injection, in the low-grade astrocyto-
mas begin to moderately exceed surrounding brain
radioactivity approximately 1 min after injection,
whereas the radioactivity in the non-neoplastic lesions
were always lower than surrounding brain radioactivity
after injection.

The significant differences were observed between
high-grade and low-grade gliomas with respect to both
the T/W ratios and PI (T/W ratios: 5.92+2.27, n=11 vs.
1.66+£0.61, n=9, P<0.01; PI: 522+1.67, n=11 vs.
1.60£0.54, n=9, P<0.01). There were the significant
differences between the T/W ratios and PI in low-grade
astrocytomas and that in non-neoplastic lesions (T/W
ratios: 2.00£0.42, n=6 vs. 0.97+0.11, n=5, P<0.01;
PL:1.89+£0.37, n=6 vs. 0.99+0.03, n=5, P<0.01).
However, no significant differences were found between
non-neoplastic lesions and non-astrocytic low-grade
gliomas (T/W ratios: 0.97£0.11, n=5 vs. 0.98£0.05,
n=3, P>0.01; PI: 0.99+£0.03, n=5 vs. 1.0£0.03, n=3,
P>0.01).

Discussion

MRI with contrast is an excellent tool for the detection
and location of brain tumors, whereas PET scanning
provides important information on a tumor’s degree of
malignancy. Thus PET scanning provides prognostic
information and can detect tumor recurrence after
treatment. We performed this study in order to assess
the clinical potential of "*N-ammonia PET in patients
with cerebral astrocytomas.

We found the increased '*N-ammonia uptake in all 11
high-grade astrocytomas and 6 low-grade astrocytomas,
whereas three non-astrocytoma low-grade gliomas and
five non-neoplastic lesions showed the decreased '*N-
ammonia uptake. These findings suggest that '*N-
ammonia PET can be useful in the detection of cerebral
astrocytoma, and has the potential to enable differenti-
ation between low-grade astrocytomas and non-neo-
plastic lesions. PI and T/W count ratios of tumors
obtained with dynamic '*N-ammonia PET in high-grade
astrocytomas were significantly higher than those in



Figure 5. Dynamic PET images were obtained simultaneously after
a bolus injection of *N-ammonia with 10 s for each image. (a) A
37-year-old male with anaplastic astrocytoma in the right frontal
lobe. The PET images show the radioactivity in the tumor beginning
to markedly exceed surrounding brain radioactivity immediately
after injection. (b) A 37-year-old female with gemstocytic astrocy-
toma in the left parietal lobe. The PET images show the radioac-
tivity in the tumor beginning to moderately exceed surrounding
brain radioactivity approximately 1 min after injection. (c) A 28-
year-old male with chronic encephalitis in the right occipital lobe.
The PET images show the radioactivity in the lesion being always
lower than surrounding brain radioactivity after injection.

low-grade gliomas. This finding suggests '*N-ammonia
uptake in astrocytomas may be related to the histolog-
ical tumor grade. Moreover, the degree of tumor uptake
of *'N-ammonia might enable differentiation between
low-grade and high-grade astrocyomas. However, the
number of cases is small to definitely say that there is not
a true difference between non-neoplastic lesions and
non-astrocytic low-grade gliomas.

Our results were different from other studies reported
before. Hoop et al. observed one recurrent astrocytoma
and one glioma showed reduced uptake of '*N-ammo-
nia at the lesions [7]. Schelstraete et al. observed little or
no extra uptake of '*N-ammonia in four primary brain
tumors [8]. Benard et al. thought '*N-ammonia was
unsuccessful in visualizing primary brain tumors [9].
These studies were done in 1976 and 1982, and the
spatial resolution of the PET scanner used in
Schelstraete’s study was poor with 134+1 mm FWHM.
The number of patients was small, and the exact histo-
pathological diagnoses were not given.

1’ N-ammonia has been proved to be a good indicator
of myocardial blood flow [10]. Phelps et al. [11] using
PET with normal volunteers showed that the relative
3N concentrations in structures of the brain were in
good agreement with the relative capillary densities and/
or cerebral blood flow (CBF). The net '*N-ammonia
extraction of brain tissues subsequent to an i.v. injection
increases non-linearly with CBF, and depends primarily
upon CBF, capillary permeability-surface product (PS)
and integrity of the glutamate-glutamine synthetase
reaction [12].

In analogy with what is known about '*N-ammonia
uptake in myocardium and brain, one may assume that
the uptake of '*’N-ammonia in brain tumors is probably
governed by two main factors: the capillary blood flow
in the tumor and the metabolic properties of the tumor.
Another factor should be considered that cerebral glio-
mas exhibit blood-brain barrier (BBB) disruption, and
BBB permeability increases, especially, in high-grade
gliomas.

Uptake of '*’N-ammonia by the myocardium has been
shown to depend greatly upon the availability of the
enzyme glutamine synthetase, and to be markedly
reduced whenever the glutamine synthetase inhibitor
methionine-sulphoximine (MSO) is administrated [13].
The glutamine synthetase (GS) reaction is the major
route for metabolic trapping of '*N-ammonia in brain
tissues, and the conversion of ammonia to glutamine in
brain is exceedingly rapid [14]. Pilkington et al. [15]
found all astrocytomas showed positive staining with
GS using the indirect immunoperoxidase and peroxi-
dase-anti-peroxidase methods, the degree of which was
related to the extent of differentiation and the amount of
cytoplasm of the constituent cells. Ependymomas were
only weakly positive, and Oligodendrocytomas and
meningiomas were generally negative apart from occa-
sional astrocytes within the former neoplasms. McCor-
mick et al. and Akimoto also observed the similar
results [16,17]. These findings suggest '*N-ammonia may
be metabolically trapped within the astrocytomas via the
glutamate—glutamine pathway. The future studies of
PET and GS staining would be important to explain the
different accumulation of '*N-ammonia in astrocytic
and oligodendroglial tumors.

The malignant brain tumors are highly vascular.
However, tumor circulation in situ are influenced by
such factors as arterial blood pressure, blood gas, and
intracranial pressure reflecting mass effect of the tumor
or obstruction of cerebrospinal fluid pathways. Tumor
vessels lacking autoregulation are more susceptible to



such factors and may result in variety of responses.
Mineura et al. [18] found high-grade gliomas did not
show significant increases in rCBF obtained with C'°0,
PET. However, in our study '*N-ammonia uptake in
high-grade astrocytomas were significantly higher than
those in low-grade gliomas and in non-neoplastic
lesions.

In vivo proton magnetic resonance spectroscopy
(MRS) provides a noninvasive method of examining a
wide variety of cerebral metabolites in both healthy
subjects and patients with various brain diseases. Pruel
et al. [19] correctly classified 104 of 105 MR spectra of
five kinds of brain tumors and the normal brain tissues
by linear discriminant analysis using multi-voxel spec-
troscopy. MRS was proved to be useful in determining if
lesions are low- or high-grade and differentiating
recurrent or residual brain tumor from cerebral necrosis
[20,21]. However, these metabolic characteristics exhib-
ited large variations within each subtype of glial tumor.
The resulting overlaps precluded diagnostic accuracy in
the distinction of low- and high-grade tumors [22].

Conclusions

There is the substantial uptake of '*N-ammonia in
cerebral astrocytomas. '*N-ammonia uptake in astro-
cytomas is related to the histological tumor grade, and
"N-ammonia PET may enable differentiation between
low- and high-grade astrocytomas, and has the potential
to enable differentiation between low-grade astrocyto-
mas and non-neoplastic lesions.
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